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Abstract: In the present work, a fragment of a stone mould recently found in Galicia (NW Spain)
was studied by multiple analytical techniques approach involving 3D optical imaging reconstruction
to obtain data about the shape of the mould, typology of artefact produced, and distribution of a
black residue at the surface of the mould and pXRF, SEM-EDS, micro-FTIR, and micro-Raman to
investigate the nature of the black residue. The study shows that the mould was likely used for
socketed axes with a side loop, was originally composed of two valves and one core, and that it might
have been subjected to a repair during use. The black residue is distributed in the carved surface
and spreads to nearby surfaces as a result of the use of the mould. The alloy cast in the mould was a
ternary bronze (Cu + Sn + Pb). The analyses by SEM-EDS of black residue covering the surface did
show the presence of scattered micro particles with P and Ca, and micro-Raman analysis detected the
presence of a carbon black of animal source, while micro-FTIR analysis detected remains of proteins,
oxalates, and hydroxyapatite. These results are amongst the very few studies made on black residues
of ancient moulds and suggest that the mould was dressed with a carbon black of animal origin, such
as burned bones, prior to metal casting, probably used as a coating agent to improve the casting and
artefact recovery.
Keywords: archaeometallurgy; Late Bronze Age; casting mould; carbon black; burned bones; pXRF;
SEM-EDS; micro-FTIR; micro-Raman; 3D reconstruction
1. Introduction
Ancient metal artefacts were often obtained in a mould. Simple moulds, such as
those composed by only one piece, have been known since the Chalcolithic (4th and 3rd
millennium BCE). By the Bronze Age (2nd to the first quarter of 1st millennium BCE), as a
result of the development of technical skills and demand for more sophisticated shapes of
artefacts, moulds became more complex.
Most of the archaeological works on metal artefact production focus on the metal
artefacts themselves, with fewer studies on objects and tools that were involved in their pro-
duction, such as lithic instruments used for their plastic deformation [1,2] or moulds [3–5].
As for the latter, one of the reasons might be that they are relatively rare in the archaeo-
logical record when compared to their metal cast counterparts. Nevertheless, moulds are
one of the key elements along the operational chain of metal production, namely in the
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shaping of an artefact, and the technologies of metal working and shaping must have run
aside with mould technological improvements developments.
Moulds to produce a wide range of metal objects, e.g., axes, sickles, chisels, spear-
heads, swords, bracelets, ornaments, etc., have been found across Europe [6–10] since the
emergence of metallurgy. Moulds for axes are the most common ones, as also evidenced in
the Iberian Peninsula [11–15]. They were produced with different materials—clay, stone,
and metals—depending on the availability of raw materials and their specific properties.
In the case of lithic moulds, for example, stones with softer properties and high thermal
shock resistance would be best appreciated.
Stone moulds to produce axes evolved from single-piece moulds, such as a single
one-sided carved stone, to bivalve moulds, such as two matching carved stones that could
produce flat axes or palstaves, to later complex multi-piece moulds, such as, for example,
two-valve moulds with a third piece to serve as core for hollow axes production, such as to
produce socketed axes.
Recently, a large fragment of an axe stone mould was found in the islet of Guidoiro
Areoso (Pontevedra, Galicia, Spain) as a direct consequence of recent coastal erosion and
extreme weather events. The islet is very small (<1 km2), just some 2 km away from
another islet, Guidoiro (~3 km long), and just some 5 km away from the coast of Galicia. It
is part of an archipelago of small islets in the Ría de Arousa, at the north-western Atlantic
coast of Iberia. The small islet is very emblematic since it is very rich in archaeological
vestiges, namely in funerary structures, such as cists and mounds [16]. The archaeological
excavations performed up until the present revealed structures and layers pointing to
occupations since the 3rd to the 1st millennium BCE. Some emblematic artefacts found
during archaeological excavations include two binary alloy bronze awls considered to
be amongst the earliest bronze objects from Iberia [17,18], ceramic sherds of Bell–Beaker
Pan-European typology (Late Chalcolithic/Early Bronze Age), and Cogotas I typology,
typical from the Mesetas (mainland central Spain) [19]. The presence of these artefacts
suggests the integration of this small islet in a large network of contacts.
The mould found in Guidoiro Areoso has its carved surface altered to black, contrast-
ing with the rest of the grey stone-coloured surface. The finding of archaeological moulds
with inner black surfaces is relatively common and it is regarded as a proof of its use. The
reason for this black colour is generally assumed to be the chemical reactions between the
high-temperature metal and mould material: when metal is poured, the high temperature
(>1000 ◦C) causes easy oxidation, volatilisation, and reaction with the surface material of
the mould, resulting in a typical black colour [20].
The use of a dressing or parting layer on the inner surface of the moulds is sometimes
proposed for archaeological examples since it could improve the casting process and
artefact detachment from the mould. However, analyses of these are very scarce. Instead,
studies of moulds focus mainly on the characterisation of the mould material itself [21,22].
The study of the use of any dressing or parting layer is, however, of high interest since it
relates to technical skills, innovations, and knowledge transfer, of importance in the study
of ancient metal artefact production.
Different studies have proposed different dressing materials based on analysis of
residues on Bronze Age mould artefacts: for example, one study suggested smoky flame
from burning bones based on results from energy dispersive X-ray spectrometry (EDXRF),
wet chemistry, Fourier transform infrared spectroscopy (FTIR), and gas chromatography
mass spectrometry (GC/MS) from the black residue in a stone axe mould from Portugal [23];
another study proposed the use of beeswax based on results from FTIR and GC/MS from
a black residue in a bronze axe mould from Poland [24]; finally, more recently, a blackish
residue on the inner face of a Late Bronze Age mould from Portugal has been analysed by
FTIR, revealing the use of clay or charcoal [14].
Generally, carbon-based materials can be categorised into graphite, flame carbons,
chars, or cokes, according to their source material and manufacturing process [25]. How-
ever, discriminating among these carbon black materials, especially in archaeological or
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other cultural heritage objects, is complex, and multi-analytical approaches are required.
Most frequently, studies of black carbon materials are made on ancient and historical
pigments, and the use of a combination of elemental, e.g., X-ray fluorescence (XRF) and
scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDS), struc-
tural, e.g., X-ray diffraction (XRD), molecular, e.g., Fourier-transform infrared spectroscopy
(FTIR) and Raman, and morphological analysis of particles, e.g., secondary electron (SE)
and backscattered electron (BSE) imaging modes in SEM-EDS, have been shown to be
needed [25,26].
In the present work, the Guidoiro Areoso mould is studied by optical imaging with 3D
reconstructions to evaluate its shape and to map the areas with black residue. Portable XRF
(pXRF) analysis is made over surfaces with the black residue and results compared with
analysis of the stone surface for the search of elements related to the type of metal that was
being poured. Detailed SEM-EDS, micro-FTIR, and micro-Raman analysis are performed
on samples of the black residue to investigate its nature. The results are amongst the very
few studies performed on black residues found in prehistoric moulds of Western Europe
and will provide the first data of this kind for the north of the Iberian Peninsula.
2. Materials and Methods
2.1. The Mould
The stone axe mould found in Guidoiro Areoso belongs to one valve and is made of
aplite, a granitic-type rock that is abundant in Galicia and North of Portugal. The valve
is incomplete since it has been fractured on one side top. The carved part of the valve
intended for the metal accommodation has its surface covered with a dark residue. This
dark residue, which can be described as a black greasy powder that sticks to its surface,
spreads out of the carved area and accumulates in a frame-like shape at the parting face of
the valve (the surface that was in contact with the other valve) and also to the top surface,
where it is present in a circular shape. Accumulations of this black material in sufficient
quantity for easy sampling happens in corners of the engraved surface.
2.2. Methods
2.2.1. 3D Reconstruction and Optical Imaging
A total of 102 overlapping photographs were taken of the mould from various angles
with a digital camera Olympus E-420. These images were processed with Agisoft Photoscan
PRO software for a 3D reconstruction by the photogrammetry method. The produced
model combines the data of the shape and texture of the mould. Visualisation of the 3D
model was made in the freely available software MeshLab and Fiji/ImageJ.
Detailed observations of the back residue were made with a stereo zoom optical
microscope Leica M205C, with a camera Leica DFC290HD for image acquisition. The
recording of the presence of black residue at different areas was made, providing details of
its accumulation at corners of the engraved area. Sampling in these areas was made with
the assistance of the stereomicroscope observations.
2.2.2. Portable X-ray Fluorescence Spectrometry (pXRF)
Elemental analyses were made with a handheld pXRF over the surface of the mould
in areas with and areas without the black residue. Analyses were made with a Bruker
Tracer IV-SD equipped with a Rh target X-ray tube (12 W), a silicon drift detector with
a resolution better than 150 eV (Mn-Kα), and a five-position computer-controlled filter
changer. The spot size of the analysis is ~7 cm2. The working conditions were 40 kV of
tube voltage, 14 µA of current intensity, and 60 s of acquisition time for each measurement.
Analyses were made with a Ti/Al filter. The software ARTAX 7.4 was used for qualitative
spectra analysis.
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2.2.3. Scanning Electron Microscopy Coupled with Energy-Dispersive X-ray
Spectroscopy (SEM-EDS)
Elemental microanalysis and microstructure examination were performed by a vari-
able pressure SEM-EDS on samples of black residue.
The equipment used was a HITACHI S-3700N with a secondary electrons detector
(SE), backscattered electrons detector (BSE), and an energy dispersive spectrometer (EDS).
The EDS is an XFlash 5010 Silicon Drift Detector (SDD) with a resolution of 129 eV (Mn-Kα),
from Bruker.
Analyses were made without surface preparation, i.e., without gold or carbon coating.
Experimental conditions involved variable acceleration voltages 5–20 kV depending on the
average atomic number of materials analysed, 100–120 µA emission current, and 10–12 mm
working distance. The chamber pressure was 30 Pa. Standardless semi-quantitative
analyses were made using the ZAF correction procedure.
2.2.4. Micro-Fourier Transform Infrared Spectroscopy (Micro-FTIR)
Micro-FTIR analysis was carried out using a Bruker Hyperion 3000 spectrophotometer
with a Mercury Cadmium Telluride detector cooled by liquid nitrogen and a 15× objective
lens. The spectra were collected in the transmission mode, in 50–100 µm areas, in the
4000–600 cm−1 region with a resolution setting of 4 cm−1 and 64 scans, using an S.T. Japan
diamond anvil compression cell. The spectra discussed in the present work are shown as
acquired, without corrections or any further manipulations.
2.2.5. Micro-Raman Spectroscopy
Micro-Raman analysis was performed using a HORIBA XPlora spectrometer equipped
with a HeNe laser of 11 mW power operating at 638 nm, coupled to an Olympus microscope.
Raman spectra were acquired as an extended range in the 100–2000 cm−1 region. The
laser spot was focused with a 50× Olympus objective lens, with a laser power at the
surface of the sample of 1.1 mW (10 s of acquisition time, 10 cycles of accumulation) and
an 1800 gr/mm diffraction grating. To improve the readability of the spectrum, a baseline
smooth correction (second-order polynomial, 13-point window width, five-point window
length) was followed.
3. Results and Discussion
3.1. Shape of the Mould and Black Residue Distribution
The 3D reconstruction of the mould (Supplementary Materials Figure S1) allows the
observation and enhancement of the shape and texture of the surface. In Figure 1 on the
left a photograph of the mould (front view) is shown, and in the centre and at the right are
projections of the mould in two different positions extracted from the 3D reconstruction.
One of the images is shown with texture uploaded to evidence the distribution of the dark
residue. The other two images (in green) demonstrate the shape of the mould and surface
morphology. It is visible that at the top of the mould, grooves were made, and that at the
broken surface, there are four holes, one of these intersecting another (the position of the
holes are highlighted by the arrows).
The images show that the black residue is distributed in the cavity and around it
in the shape of a rim (a bit is missing due to loss of mould material at the corner of the
parting face) and on the top of the mould in a round-shape. The distribution of the dark
residue out of the cavity can be explained due to the escape of gases and metal flashing
during pouring. In Figure 2, the accumulation of the black residue can be observed under
higher magnifications, at the parting face, and in a corner of the cavity, where sampling
was performed.
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Figure 2. Detailed images by stereo microscope showing the black residue on the inner surface of 
the mould: (at left) accumulation in a rim shape at the parting face and (at right) accumulation in 
the corner of the cavity. 
The mould was originally made of two valves. A simulation of the cross-section of 
two valves (Figure 3) shows that the axe produced had a near quadrangular cross-section. 
This shape is typical for a socketed axe, which is an axe with an internal hole. This hole 
would have served to place a wooden shaft and would have been shaped by a core placed 
at the top part of the mould. This core could also have formed the casting opening by 
incorporating channels (where the metal would flow into the mould). 
Socketed axes are known in Galicia [11,27], and in the area of Pontevedra at least 
three axes have been found that show very similar shapes to the axe that was produced 
in the Guidoiro Areoso mould, namely n. 1687 from Vilaboa (Pontevedra), n. 1688 from 
Pontecaldelas (Pontevedra), and n. 1689 from Prov. Pontevedra described in Monteagudo 
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Figure 2. Detailed images by ster o microscope showing the black residue on the inner su face of the
mould: (at left) accumulation in a rim shape at the parting face and (at right) accumulation in the
corner of the cavity.
The ould as originally ade of two valves. A simulation of the cross-section of
t o valves (Figure 3) sho s t at t e ce l - ti .
This shape is typical for a socketed axe, which is an axe with an internal hole. This hole
would have served to place a ooden shaft and would have been shaped by a core placed
at the top part of the mould. This core could also have for ed the casting opening by
incorporating channels (where the metal would flow into the mould).
Socketed axes are known in Galicia [11,27], and i the area of Pontevedra at le st three
axes h v been found that show very similar shapes to the axe that was produced in the
Guidoiro Areoso mould, namely n. 1687 from Vilaboa (Pontevedra), n. 1688 from Ponte-
caldelas (Pontevedra), and n. 1689 from Pr v. ontevedra describ d in Mo teagudo [11].
In Figure 3, one of these axes is shown to scale with the mould. It is worth noting the
near-perfect fit and that it appears that the axe has been severely worn out (due to use?) at
the cutting edge, and that the broken part of the mould could correspond to the area of
a loop.
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Ad itionally, at least three other f agments of moulds to produce socket d axes are
known in the region, one from Cuntis (Pontevedra), another from Castro de Montealegre
(Moaña, Pontevedra), and another from O Neixón Pequeño (Boiro, La Coruña, Ría de
Arousa). The mould from O Neixón Pequeño does also have a broken top art and also
pres nt holes (a to al of two). The two holes in the O Neixón Pequeño mould are in the
broken area, which in this case is at the opposite side of the loop, and reach the outer
surface of the mould in diagonal in respect to the inner surface. The suggestion made her
is that the oles of the Guidoiro m uld, or at least some of them, were part of a repair effort,
by using a binding/clustering solution of the broken piece to the rest of the mould. Broken
parts could be bound together through the use of dowels (likely wooden pins) fitted in the
holes. A combination, for example, of cords on the outer side would help the bond/union.
The grooves at the top of the mould could serve for cords that could help to place the core
piece in place but also the broken part. The direction of the grooves argues against their
function being to bind the two valves together.
It is common to find grooves and/or dowels in Late Bronze Age moulds, used to fit the
two valves correctly together to prevent faulty matchings. In the present case, no apparent
system was found. However, it can be possible that the two holes that are perpendicular to
the parting face could have served to pin the two valves together. In that case, one of the
dowels could also have made the core of the loop (if existent).
The hypothesis that the mould was broken and repaired to be used can also find some
support on the observation of the black residue. This residue does also spread over the
border of the fracture, suggesting that the fracture already existed when casting was made.
Likely, stone moulds would have been of significant value in pre-historical times; once,
they were objects that involved much time and technical skill to produce, and their use
would allow “mass” production of metal objects, making them worthy of repair.
3.2. Analysis of the Mould by pXRF
Analyses by pXRF were made on the surface of the mould at different areas, including
areas with the black residue and areas without it. Spectra from both types of areas were
compared to search for the presence of elements related only to the black residue. In all the
spectra, peaks corresponding to Si (Kα), Ca (Kα, Kβ), Ti (Kα), Cr (Kα), Mn (Kα), Fe (Kα,
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Kβ), Ni (Kα, Kβ) and Zn (Kα) were present. The intensities of the peaks remained similar
through all spectra. However, in the spectra taken in the areas with the black residue, peaks
corresponding to Cu (Kα, Kβ) and Pb (Lα, Lβ) were also present. In Figure 4, a spectrum
of the stone (taken at the back of the mould) with two spectra taken over the black residue,
one in the middle of the cavity and the other at the top of the mould, are shown. The
analyses show that the black residue incorporates elements from the metal cast (which are
not present in the mould material) and can provide information about the type of metal
that was being used. It has been shown in experimental castings that from those metals
used in antiquity (Cu, Sn, Pb, and Zn), those that adhere easily to the surface of the mould
are Pb, Zn, and Cu and to a much lesser extent Sn [20]. Thus, taking into consideration the
present analysis and that socketed axes were frequently made of a ternary bronze alloy
(Cu-Sn-Pb) [28,29], it seems that a ternary bronze was the type of alloy cast in the mould.
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areas, namely the Cu (K and L lines) and Pb (L and M lines). 
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Besides the elements related to metal (Cu, Sn, and Pb), other elements such as Mg,
Al, Si, P, S, Cl, K, Ca, and Fe were detected. The presence of K is found in some plate-
like structures, and its presence is typical for vegetable charcoal [25]. Of interest was the
association of P and Ca in scattered particles, as shown in Figure 6. The presence of particles
with this association of elements suggests apatite mineral. Apatite can be of geological or
biological origin, e.g., bones are ~70% carbonated hydroxyapatite. Topographic images by
SE show that these particles have fragmented surfaces, with a hexagonal-like plate pattern,
a morphology found in hydroxyapatite from burned bones and teeth [30,31]. Additionally,
EDS spot analysis of these particles shows carbon contents in the range of 20–50%, which
with the presence of phosphorous suggests a carbon black of bone origin [25].
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Figure 6. SEM-EDS detailed analysis of particles rich in P and Ca (hydroxyapatite) in the dark residue:
(top) BSE image of an agglomerate of particles and maps of Ca and P (note that Ca mapping was
obtained by subtracting Sn influence—due to peak overlap); (bottom left) SE image with mapping
of P and Ca superimposed on one particle; (bottom centre) detailed SE image of the surface of one
particle rich in P and Ca (hydroxyapatite); (bottom right) spectra of EDS spot analysis to a particle
rich in P and Ca and semi-quantitative results.
3.4. Analysis of the Black Residue by Micro-FTIR and Micro-Raman
Micro-FTIR analysis of the black residue from the mould allowed the identifica-
tion of absorption bands related to organic compounds, namely the bands at 2961, 2929,
2876, and 2855 cm−1 attributed to the stretching vibrations of the methyl and methylene
groups. Bands that are considered characteristic of protein content are observed at 1644
and 1557 cm−1, the Amide I and Amide II stretches (Figure 7) [32]. The low-resolution of
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the Amide I and Amide II absorption bands might be due to the presence of an absorption
band at 1610 cm−1 assigned to the ν(C=O) of oxalates [30]. Previous works regarding the
influence of heat on bone diagenesis suggest that at temperatures between 400–550 ◦C,
there is a decomposition of both lipids and proteins present in the bone’s composition [33].
Considering that the molten bronze exposed the internal surface of the mould to tempera-
tures >900 ◦C, it is expected a decomposition of the organic compounds that could have
been present in the original formulation of this black residue. In this sense, the organic
fingerprints present in the FTIR spectrum (Figure 7) are likely related to the presence of
a contamination (e.g., by microorganisms since the mould was buried during more than
two millennia) and not related to an original remain of an organic compound. Finally,
the bands at 1111 and 1031 cm−1 might be related to the presence of (PO43−) groups of
hydroxyapatite (Ca5(OH)(PO4)3). The bands at 1454, 1404, and 790 cm−1 can be related to
the stretching vibrations of calcium carbonate of carbonated hydroxyapatite, expected for
bone samples (Figure 7) [25].
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Figure 7. Micro-FTIR spectra of a sample of the black residue. 
Micro-Raman analysis allowed the identification of a carbon-black based material. 
The higher intensity of the Raman D band at 1343 cm−1 related to the disorder degree of 
graphite structure, when compared with the G band at 1583 cm−1 (less intense), which is 
related to the graphitisation degree of the structure, suggests the presence of a carbon-
disordered black residue [26,34] (Figure 8). A word should be expressed for the very low-
intensity Raman band at ca. 960 cm−1 (Figure 8) related to the stretching of the phosphate 
groups. Typically, this very low-intensity Raman band is not always easily detected, and 
its identification is highly dependent on the measurement conditions [34]. For this, the 
i
icr - l sis ll t i tific ti f c r - l c s t ri l.
e i er i te sit of t e a a a at 1343 c −1 relate to t e isor er e ree of
graphite structure, hen co pared ith the G band at 1583 cm−1 (less intense), which
is related to the graphitisation degree of the structure, suggests the presence of a carbon-
disordered black residue [26,34] (Figure 8). A word should be expressed for the very
low-intensity Raman band at ca. 960 cm−1 (Figure 8) related to the stretching of the
phosphate groups. Typically, this very low-intensity Raman band is not always easily
detected, and its identification is highly dependent on the measurement conditions [34].
For this, the Raman fingerprints for the presence of a carbon-disordered black together
with the results of SEM-EDS analysis, where it was possible to identify the presence of
particles of phosphorus and calcium, and of micro-FTIR, where it was identified absorption
bands related with the presence of phosphate and hydroxyapatite, support the attribution
of this low Raman fingerprint at 960 cm−1 and, together with SEM-EDS and micro-FTIR,
suggest that the mould was intentionally dressed with a carbon black that had bones in its
source material.
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3.5. Conclusions 
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3.5. Conclusions
The present study showed that the mould from Guidoiro Areoso was used to produce
socketed axes, likely with a loop, a typology that was at use in the northwest of the Iberian
Peninsula during the Late Bronze Age/Early Iron Age. It is concluded that the metal used
to produce the axe was a ternary bronze (Cu-Sn-Pb), provided that the elements Cu and Pb
were detected by pXRF in the black residue that covers the cavity and part of surrounding
surfaces, and Cu, Pb and Sn were detected by SEM-EDS in samples taken from the black
residue. This type of alloy was in regular use during the Late Bronze Age/Early Iron
Age in Western Europe and is distinct from the binary alloy of the awls found previously
in the islet from an earlier period. The presence of this mould can provide evidence for
metallurgical activity on the islet at this later period.
The mould seems to have suffered a fracture/break that was repaired with the aid of
holes and dowels, a technique that seems to also have been employed in another mould
from the region and from the same period.
The study of the black residue showed that it is an aggregate of particles that can be
heterogeneous in their composition. The aggregate suffers from widespread contamination,
with Cu and Pb being preferentially concentrated in some particles. Scattered particles with
relatively high amounts of P and Ca were found that relate to the presence of apatite. Micro-
Raman analysis shows a spectrum typical of a carbon black, with the D band (1343 cm−1)
> G band (1583 cm−1) together with a very-low signal at 960 cm−1 of phosphate groups,
suggesting an animal source. The micro-FTIR analysis show a spectra with bands related
to proteins and to the presence of phosphate groups, namely hydroxyapatite.
The complementary results suggest that (at least) part of the black residue is a product
of the carbonisation of bones.
The use of a dressing with carbon black could beneficiate the casting process as it
would serve to (1) smooth the carved surface, providing a higher quality surface finishing
of the cast; (2) facilitate the detachment of metal and mould parts by functioning as a thin
parting layer; and (3) provide a barrier to moisture, thus being of great utility in regularly
used moulds (thermal shock and water vapour pressure is a cause of a fracture and severe
damage of moulds that have not been adequately dried and/or pre-heated prior to casting).
The reason for the use of burned bones is, however, not clear. Possibly, bones would
produce a material with higher adhesive properties than just carbonised wood (i.e., more
sticky, due to decomposition of collagen/proteins and bone grease). Future analysis of
black residues from other European moulds could provide further information on dressing
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materials, such as if the use of carbonised bones was of widespread and in regular use, and
provide further knowledge of ancient casting technologies.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/heritage4040165/s1, Figure S1: 3D interactive reconstruction of the mould.
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Abbreviations
3D three dimensions
BCE before common era
BSE backscattered electron (imaging mode in SEM-EDS)
EDXRF energy dispersive X-ray spectrometry
GC/MS gas chromatography mass spectrometry
Micro-FTIR micro-Fourier transform infrared spectroscopy
pXRF portable X-ray spectrometry
SDD silicon drift detector
SE secondary electron (imaging mode in SEM-EDS)
SEM-EDS variable pressure scanning electron microscopy
XRD X-ray diffraction
ZAF atomic-number effect, absorption effect, and fluorescence excitation effect
(quantitative correction method)
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